To examine the relation between intima-media thickness (IMT) in the common carotid artery, which is generally recognized as a marker of early atherosclerosis, and retinal circulatory parameters. METHODS. The vessel diameter and blood velocity of retinal arterioles were measured with laser Doppler velocimetry (LDV) in 33 patients with coronary artery disease (CAD), because they were thought to have general atherosclerosis. The retinal blood flow (RBF) and wall shear rate (WSR), an index of wall shear stress in retinal vessels, were calculated from the two parameters. The carotid IMT was evaluated with B-mode ultrasonography. RESULTS. The patients were divided into two groups: those with an IMT Ͼ0.70 mm and those with an IMT Յ0.70 mm. The blood velocity, WSR, and upstroke time in the retinal arterioles were significantly higher in the group with an IMT Ͼ0.70 mm compared with the group with an IMT Յ0.70 mm. There were no significant differences in vessel diameter and RBF between the groups. Positive correlations were found between the carotid IMT and blood velocity (r ϭ 0.51, P ϭ 0.002) and WSR (r ϭ 0.60, P ϭ 0.0001). Multiple regression analysis showed that the retinal WSR and blood velocity correlated independently with the IMT in patients with CAD. CONCLUSIONS. The present findings from this pilot study suggest that the retinal circulatory parameters measured by LDV may be associated with systemic atherosclerosis. These results support recent studies showing an association between retinal microvascular changes and cardiovascular disease. (Invest Ophthalmol Vis Sci. 2005;46:720 -725)
A therosclerosis remains the leading cause of morbidity and mortality in the Western world. As the prevalence of atherosclerosis increases worldwide, there is a pressing need for investigators to refine and evaluate noninvasive techniques to ensure reliable detection of atherosclerosis during the long presymptomatic phase of the disease. Atherosclerosis is a systemic process that involves several arterial beds. Abnormalities of the retinal vasculature may reflect the degree of microvascular damage due to hypertension, arteriolosclerosis, or both, which, in turn, may influence the type and severity of cerebrovascular and cardiovascular complications. 1, 2 We recently demonstrated that a retinal laser Doppler velocimetry (LDV) system is a reliable, noninvasive, and useful tool to evaluate the retinal circulation in humans.
3, 4 The system we have recently described enables the simultaneous measurement of vessel diameter and blood velocity and calculates the absolute retinal blood flow (RBF) and wall shear rate (WSR). Using LDV, we have reported that flow-induced vasodilation is involved in the increased RBF during hypoxia by measuring the feline retinal WSR. 5 The present study was designed to determine the association of the retinal circulatory parameters with systemic atherosclerosis in humans. Therefore, the purpose of this pilot study was to examine the relation between the intima-media thickness (IMT) in the common carotid artery, which is generally recognized as a marker of early atherosclerosis, 6 and retinal circulatory parameters in patients with coronary artery disease (CAD), because they were thought to have general atherosclerosis.
METHODS Subjects
Thirty-three patients (24 men and 9 women, aged 47-79 years; mean Ϯ SD, 61.0 Ϯ 9.6) with CAD participated in this study. All were inpatients at the Asahikawa City Hospital (Asahikawa, Japan), and each provided written, informed consent before enrollment in the study, after having received a detailed explanation of the study design and protocol. The procedures conformed with the tenets of the Declaration of Helsinki. This study was conducted in accordance with the guidelines approved by the ethics committee at the hospital. The inclusion criteria were CAD, confirmed by coronary arteriography (50% stenosis in Ն1 coronary artery), a documented history of myocardial infarction within 5 years, or both. These patients had undergone diagnostic catheterization for the evaluation of chest pain syndromes. We excluded patients with congenital heart failure, remote prior anterior myocardial infarction or any infarction in another area within the previous 3 months. In addition, we excluded the patients who were considered to have diabetes mellitus if they were being treated with insulin or oral hypoglycemic agents or if fasting blood glucose exceeded 140 mg/dL, because the retinal circulation is impaired in patients with diabetes. 7 All subjects had corrected visual acuity better than 20/40, clear media, and no history of ocular disease or therapy.
Study Design
The temperature in the examination room was maintained between 22°C and 24°C. The subjects were asked to abstain from drinking coffee and smoking for at least 2 hours before the test. Each subject rested for 10 to 15 minutes in a quiet room before the test began.
The systolic, diastolic, and mean arterial blood pressure and heart rate were measured by electronic sphygmomanometer (EP-88Si; Colin, Tokyo, Japan). Intraocular pressure (IOP) was monitored by applanation tonometry (Haag Streit, Bern, Switzerland). The axial length of each eye was measured by A mode ultrasound (OcuScan; Alcon Surgical, Irvine, CA) to compute the intraocular light-scattering geometry for the laser Doppler measurement. The pupils were dilated with a combination of 0.5% tropicamide and 1% phenylephrine eye drops.
A blood sample was obtained on the morning of the examination, after a 14-hour overnight fast, to measure the serum lipid profile and other biochemical parameters. Serum total cholesterol and triglyceride concentrations were measured enzymatically, and the serum highdensity lipoprotein (HDL) cholesterol concentration was assayed by the heparin-Ca 2ϩ -Ni 2ϩ precipitation method. Hypertension was defined as systolic blood pressure Ͼ140 mm Hg, diastolic blood pressure Ͼ90 mm Hg, or the use of antihypertensive drugs. Subjects with a plasma total cholesterol level Ͼ220 mg/dL, those with plasma low-density lipoprotein (LDL) cholesterol level Ͼ130 mg/dL, or those receiving cholesterol-lowering therapy were classified as having hypercholesterolemia.
RBF Measurement
In the present study, a retinal LDV system (Laser Blood Flowmeter, model CLBF 100; Canon, Tokyo, Japan) was used to estimate the blood flow in the major temporal retinal artery and adjacent vein. 3, 4 A retinal LDV system allows noninvasive measurement of the absolute values of the red blood cells (RBCs) flowing in the center line of the vessel, based on the bidirectional LDV. 8 A probing red laser light (wavelength, 675 nm) is emitted by a laser source in a measuring head similar to that of a fundus camera. The red Doppler-shifted light scattered from the flowing RBCs in the retinal artery is detected simultaneously in two directions separated by a fixed angle. The signals from the two photomultiplier tube detectors undergo computer-controlled spectrum analysis, and sequential measurements of the centerline velocity of the retinal blood cells over a 2-second period are performed automatically. Therefore, we obtained the retinal velocity profile and calculated the systolic and diastolic blood velocity (V s and V d , respectively; Fig. 1 ).
The LDV also contains a system that measures vessel diameter and a vessel tracking system. The green stripe (wavelength, 544 nm) is oriented perpendicular to the axis of the vessel. During the session, a linear imaging sensor takes 15 profiles of the target vessel, which is illuminated by a green laser beam. The diameter of the retinal artery (D) is determined automatically by computer analysis of the signal produced by the arterial image on the array sensor using the half height of the transmittance profile to define the vessel's edge. 9 The D is measured before and after each of two velocity measurements. The result is compensated for by the axial length of the eye, which is input into a computer, and the ocular refractive error, which is measured by the LDV system. The vessel images are also used for autovessel tracking through a beam-steering galvanometer system, which stabilizes the center of the green tracking stripe on the center of the vessel and locks the red laser onto the target vessel.
Laser Doppler measurements were obtained from a temporal retinal artery in one eye of each subject. The arteries chosen for measurement had relatively straight segments that were sufficiently distant from adjacent vessels. Measurement sites were generally one disc diameter from the disc margin in the first bifurcation. All steps throughout the observation of the patient's fundus are virtually the same.
Calculations
As previously described, the RBF was calculated as RBF ϭ 2 ϫ V mean ϫ area, where V mean is the time average of the center line blood speed during the cardiac cycle, and area is the cross-sectional area of the retinal artery at the laser Doppler measurement site. 10 The area is calculated from the D, assuming a circular cross-section. The factor of 2 in the formula for the blood flow arises from the assumption of Poiseuille flow. 11 The WSR was not directly measured in this model but can be calculated by use of a Poiseuillean parabolic model of velocity distribution across the arterial lumen according to the formula WSR mean ϭ 8 ϫ V mean /D. 12 We calculated the WSR max from the V s and D and WSR min by the V d and D.
After the measurement was completed, a velocity profile analysis of the retinal velocity profile was performed. We defined the upstroke time (UT) as the time from the minimum to the maximum retinal blood velocity ( Fig. 1) .
Measurement of IMT of the Carotid Artery
The carotid IMT was evaluated with high-resolution B-mode ultrasonography. The IMT measurement was performed on the same day as the RBF measurement. Ultrasound measurements of the IMT of the common carotid artery were performed by an examiner who was unaware of the subjects' clinical backgrounds. The IMT of the carotid artery was measured from high-resolution, two-dimensional ultrasound images obtained by an ultrasound machine (SSA-270A; Toshiba, Tokyo, Japan) with a 7.5-MHz linear-array transducer. The subject reclined on the examination table for 15 minutes before the initial carotid ultrasound scanning was performed. The IMT measurement of the carotid artery was performed according to the method of Salonen et al., 13 as described previously in a quiet, temperature-controlled room. After the bifurcation of the common carotid artery was confirmed, the IMT was measured on the B-mode screen with electric calipers to within 10 mm proximal to the bifurcation. We evaluated the retinal circulation of the right eye and the IMT of the right common carotid artery in all patients.
Statistical Analysis
All data in the text, tables, and figures are expressed as the mean Ϯ SD. Differences in continuous variables between the two groups were analyzed by Student's unpaired t-test. Differences in categorical variables were analyzed by the Fisher exact tests. The Pearson correlation FIGURE 1. Representative data of the analysis of the retinal velocity profile in the group with an IMT Յ0.70 mm (A, a patient with very little atherosclerosis) and the group with an IMT Ͼ0.70 mm (B, a patient with much atherosclerosis). The UT was defined as the time from the minimum to the maximum retinal blood velocity. From the velocity profile analysis, V s , V d , and UT are calculated as 37.7 mm/sec, 13.9 mm/ sec, and 160 ms, respectively, in the patient in (A), and 93.8 mm/sec, 13.4 mm/sec, and 260 ms in the patient in (B), respectively.
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analysis was used to study the relations between the IMT and retinal circulatory parameters. Standardized regression coefficients from multiple regression analysis of the IMT in relation to various factors were analyzed. P Ͻ 0.05 was considered statistically significant.
RESULTS

Comparison with Parameters Obtained from the Two IMT Groups
After the IMT was measured, we divided the patients into two groups based on an IMT Ͼ0.70 mm (severe atherosclerosis group) or an IMT of Յ0.70 mm (mild atherosclerosis group; Table 1 ) because the median IMT in our population was 0.70 mm.
Clinical Characteristics
Ten (30%) patients were taking angiotensin-converting enzyme inhibitors, 4 (12%) angiotensin-one receptor antagonist, 4 (12%) beta antagonists, 21 (64%) calcium antagonists, 1 (3%) a diuretic, and 19 (58%) 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins). Twenty-five (76%) patients regularly took nitroglycerin. There were no significant differences in the medications between the two IMT groups (Table 1) .
Systemic Parameters
The group-averaged values of age, systemic arterial blood pressure, and serum cholesterol level are shown in Table 1 . The only significant difference between the low and high IMT groups (P ϭ 0.046) was in the HDL level. Other parameters were not significantly different between the two groups. The prevalences of hypertension, hyperlipidemia, and current smoking are presented in Table 1 . None of the differences reached statistical significance.
Retinal Parameters
The averaged coefficients of variation of D, V mean , and RBF in a retinal arteriole of five baseline measurements obtained from all patients in this study were 4.7% Ϯ 0.9%, 12.1% Ϯ 1.1%, and 16.3% Ϯ 1.5%, respectively. The group-averaged V s , V mean , WSR max , WSR mean , and UT in retinal arterioles were significantly higher in the group with an IMT Ͼ0.70 mm than in the group with an IMT Յ0.70 mm ( Table 2 ). In contrast, there were no significant differences in V d , RBF, and WSR min between the groups. Table 3 shows the results of the a Pearson correlation analysis between the IMT and retinal circulatory parameters. As shown in Figure 2 , the IMT was positively and strongly related with the retinal WSR mean ( Fig. 2A) and V mean (Fig. 2B ) by this analysis. In contrast, neither the IMT nor the retinal circulatory parameters were significantly correlated with age, systemic blood pressure, heart rate, blood cell counts, or serum cholesterol level in our patients, by this analysis (data not shown).
Relation between the IMT of the Common Carotid Artery and Retinal Circulatory Parameters
Multiple regression analysis was performed to investigate whether the WSR mean was an independent variable related to the IMT. Table 4 shows the multiple regression analysis of IMT in relation to retinal WSR mean , hematocrit, age, mean blood pressure, serum total cholesterol, serum HDL cholesterol, and serum triglyceride. This analysis confirmed that the retinal WSR mean was an independent variable related to IMT ( Fig. 2A ; Table 3 ).
DISCUSSION
The results of this pilot study demonstrated for the first time that the retinal WSR, blood velocity, and UT were significantly higher in the group with an IMT Ͼ0.70 mm compared with those in the group with an IMT Յ0.70 mm in patients with CAD and that these retinal circulatory parameters were positively correlated with the common carotid IMT independently of age, hematocrit, systemic blood pressure, and serum cholesterol level. Because the IMT is an indicator of the extent of systemic atherosclerosis, these results suggest that these retinal circulatory parameters may be associated with generalized atherosclerosis. Abnormalities of the retinal vasculature may reflect the type and severity of cerebrovascular and cardiovascular complications. 1, 2 In addition, a recent population-based study revealed that retinal microvascular abnormalities predicted a 3-year incidence of coronary heart disease 14 and was associated with 10-year cardiovascular mortality. 15 However, there have been few reports that investigated the relation between this retinal arteriolar change and systemic atherosclerosis. By measuring the diameter of the retinal arterioles, Klein et al. 16 suggested that retinal arteriolar abnormalities are distinct from atherosclerosis. In the present study, there were no significant differences in the group-averaged values of the retinal vessel diameter between the two groups, suggesting that the retinal vessel diameters may be a poor surrogate of early changes of atherosclerosis. The present results seem to be consistent with their findings showing that retinal vessel diameters do not appear to be related to measures of atherosclerosis. Although the number of subjects in their study was much greater than in the present study, the major differences between their study and ours were the methods used to evaluate the retinal microvascular abnormalities. Whereas Klein et al. evaluated only the vessel diameter, we measured diameter, blood velocity, RBF, WSR, and UT, with the LDV system. A linear regression model showed a significant correlations between carotid IMT and some retinal circulatory parameters: V s , V mean, WSR max , WSR mean , and UT (Table 3) . Therefore, we believe that the LDV system may be an appropriate instrument for detecting the early changes in atherosclerosis because of the simultaneous and noninvasive measurement of both the vessel diameter and the blood velocity.
In the present study, we compared, for the first time, the retinal WSR and the carotid IMT and found a positive correlation between the two. In the carotid artery, Gnasso et al. 17 compared the IMT and wall shear stress in the common carotid arteries in healthy male subjects using high-resolution echo Doppler and reported that peak shear stress was inversely related to the IMT. Our results obtained from the retinal arterioles are the opposite of their results from the carotid artery. These findings in primarily elastic arteries are not necessarily representative of the situation in purely muscular arteries because of the differences in function and structure between the elastic and muscular arteries, perhaps because of the differences between the characteristics of the arterioles in the retina and the large carotid artery. Further studies are needed to document variations in wall shear stress in different vascular beds at rest and during exercise, to gain a better understanding of the early atherosclerotic process. The present results showing that the WSR mean was independently and positively associated with the carotid IMT in patients with CAD (Fig. 2) indicate that the increased retinal WSR may be associated with systemic atherosclerosis. However, the IMT should be evaluated carefully, because it is affected by many systemic parameters, such as blood pressure and age, that were reported to be associated with the IMT. In our small analysis, we did not observe significant differences in systemic blood pressure, age, the presence of hypertension and hypercholesterolemia, and the cholesterol level, with the exception of HDL cholesterol (Table 1) .
In the present study, we obtained the UT of the retinal velocity wave form (Fig. 1) and found that the UT significantly increased in the group with an IMT Ͼ0.70 mm compared with the group with an IMT Յ0.70 mm or less (Table 2) . Although the exact interpretation of the increased UT in the retinal arterial velocity profile is still unclear, the present results indicate that the UT obtained from the retinal velocity profile also may be associated with systemic atherosclerosis.
In the coronary arteries, atherosclerosis is associated with progressive impairment of endothelial function. 18, 19 Wall shear stress is an important determination of the release of vasoactive compounds from endothelial cells. Several vasoactive molecules stimulate the expression of adhesion molecules and chemokines involved in intima-media thickening. Endotheliumderived nitric oxide especially is thought to be necessary to maintain an adequate vascular tone. In vitro and in vivo experiments have demonstrated that vessels tend to maintain constant shear stress in response to flow changes, which is called flow-mediated regulation. 20 -22 Flow-mediated brachial-artery reactivity, in which endothelium-derived nitric oxide plays an important role, is impaired in persons with overt atherosclerosis and in asymptomatic persons with risk factors for coronary disease.
23-25 Although we did not examine the endothelial function in our patients, our findings suggest that the correlation between the WSR in the retinal arterioles and the IMT in the common carotid artery may be associated with impairment of the endothelial function in the retinal arterioles in patients with CAD. This speculation is supported by the study by Klein et al. 16 that showed associations between retinal changes with markers of endothelial dysfunction (von Willebrand factor and factor VIII). Further investigation is needed to evaluate the endothelial function in retinal arterioles to test this hypothesis.
Despite the widespread interest in WSR and wall shear stress, relatively little is known about the values of these mechanical entities in vivo, probably because the reliable assessment of shear stress is quite difficult. The first step in estimating wall shear stress is measurement of velocity. Because retinal circulation is a parabolic and lamellar flow, 11 it is possible to estimate the retinal WSR from vessel diameter and blood velocity. 5 In addition, we observed an increased WSR in hypertensive subjects (Nagaoka T, unpublished observation, 2004) in the recent study. We therefore believe that the noninvasive evaluation of the retinal WSR with LDV may be useful to obtain clinically significant information in patients with cardiovascular disorders.
The present study had some limitations. First, we could not actually measure the wall shear stress in retinal vessels because we did not measure the blood viscosity. Because the relation between the hematocrit and plasma viscosity is linear when the hematocrit is in normal range (ϳ45%), 26 the present finding that there were no differences in the hematocrit between the groups (Table 1) and the relationship between the carotid IMT and WSR was not dependent on hematocrit (Table 4) suggest that the viscosity in our patients with CAD may have little influence on the present results. Second, we could not exclude the effect of medication on the retinal circulatory parameters. All patients were taking a variety of medications. There is a possibility that some drugs may have affected the measurement of the retinal circulatory parameters. However, there was no significant difference in medications between the two IMT groups, and the presence of medications did not affect the present results concerning the relation between the IMT and retinal parameters (data not shown). Third, there is a possibility that selection bias is associated with our results because we chose a high-risk population without diabetes for inclusion in the study. The small sample size may explain why the carotid IMT is not related to many traditional risk factors associated with atherosclerosis (Table 1 ) and some retinal parameters: V d , RBF, and WSR min ( Table 2) . Further clinical study with a large sample size is needed to examine whether the relationship between retinal circulatory parameters and IMT may be appropriate for patients with other diseases, such as diabetes mellitus and hypertension.
In conclusion, the results of this pilot study demonstrate for the first time that the retinal circulatory parameters (blood velocity and WSR) correlate positively with the carotid IMT, which is generally recognized as a marker of early atherosclerosis. The results also suggest that noninvasive measurement of retinal circulatory parameters using LDV may be useful for the evaluation of systemic atherosclerosis. Further prospective study is needed to assess whether this noninvasive measurements of retinal circulation has predictive power with respect to subsequent cardiovascular events.
